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3Abstract
The effect of Plum pox virus (PPV) infection on the response of some antioxidant enzymes 
was studied in two apricot cultivars, which behaved differently against PPV infection: cv. Real Fino 
(susceptible) and cv. Stark Early Orange (SEO, resistant). In the susceptible cultivar, PPV produced 
a decrease in PSII, F’v/F’m and Qp. PPV infection produced a drop in pHMB-sensitive ascorbate 
peroxidase, dehydroascorbate reductase and peroxidase in the soluble fraction from susceptible 
plants, whereas in the resistant apricot cultivar pHMB-insensitive ascorbate peroxidase, 
monodehydroascorbate reductase, glutathione reductase and superoxide dismutase increased. 
However, catalase decreased in the soluble fraction from both infected cultivars. Long-term PPV 
infection also produced a decrease in the chloroplastic ascorbate-glutathione cycle enzymes only in 
the susceptible plants. As a consequence of PPV infection, an oxidative stress, indicated by an 
increase in lipid peroxidation and in protein oxidation, was produced only in the leaves from the 
susceptible cultivar which was also monitored by the diaminobenzidine-peroxidase coupled H2O2
probe. The loss of PSII, indicative of AOS production, and the decrease in the levels of antioxidant 
enzymes in chloroplasts from susceptible plants, could be responsible for the chlorosis symptoms
observed. The results suggest that the higher antioxidant capacity showed by cultivar SEO could be 
a consequence  of a systemic acquired resistance induced by PPV penetration in stem tissue at the 
graft site and could be related, among other factors, to their resistance to PPV.
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4Introduction
Sharka, a disease caused by Plum pox virus (PPV) is a serious limiting factor for temperate 
fruit production in affected areas, resulting in severe economic losses in Prunus species including 
apricot and peach (Kölber 2001). Obtaining Prunus cultivars resistant to sharka is one of the main 
objectives of breeders, but the evaluation of programmes for PPV resistance is time-consuming and 
very expensive (Martínez-Gómez and Dicenta 2000a). Therefore, biochemical and molecular 
markers associated with resistance would be of great interest. These markers will improve the 
selection process in the evaluation of a higher number of individuals.
In most incompatible interactions, the rapid induction of highly-localised events imposes 
unfavourable conditions for pathogen growth. This defence response culminates in a localized cell 
death, called the hypersensitive response (HR), associated with the resistance to pathogen spread 
(De Gara et al. 2003). Increased levels of activated oxygen species (AOS), including superoxide 
(O2.-) and hydrogen peroxide (H2O2), built up by either enhanced production or decreased 
scavenging potential, may contribute to the resistance reaction to pathogens in incompatible 
reactions (Alvarez et al. 1988, Adams et al. 1989, Doke and Ohashi, 1988, Thordal-Christensen et 
al. 1997). However, very little is known about the oxidative metabolism in plant resistance reactions 
to pathogens that do not induce the HR, such as the necrotrophic fungi that invade the plant vascular 
system (García-Limones et al. 2002) or some plant viruses such as PPV (Hernández et al. 2001a, 
2003, 2004b). Alternatively, increased levels of AOS could also contribute to the symptom 
development and pathogenesis in compatible plant-virus interactions, as described recently in PPV-
susceptible peach plants (Hernández et al. 2003, 2004b) and in CMV-infected Cucumis sativus and 
ZYMV-infected Cucurbita pepo plants (Riedle-Bauer 2000). In recent work carried out in our 
laboratory, we showed that long-term PPV infection produced an oxidative stress in leaves of peach 
cv. GF305, characterised by its high susceptibility to PPV, manifested as increases in lipid 
peroxidation and protein oxidation, the appearance of oxidative microbursts and effects on 
chloroplast ultrastructure (Hernández et al. 2004b).
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mechanisms. The primary components of these antioxidant systems include non-enzymatic 
antioxidants (carotenoids, ascorbate, glutathione and tocopherols) and enzymes such as SOD, catalase 
(EC 1.11.1.6), glutathione peroxidase (GPX, EC 1.11.1.9), peroxidases and the enzymes involved in 
the ascorbate-glutathione cycle (ASC-GSH cycle): ascorbate peroxidase (APX, EC 1.11.1.1), 
dehydroascorbate reductase (DHAR, EC 1.8.5.1), monodehydroascorbate reductase (MDHAR, EC 
1.6.5.4) and glutathione reductase (GR, EC 1.6.4.2). The components of this antioxidant defence 
system can be found in different subcellular compartments (Jiménez et al. 1998, Hernández et al. 
2000), and they are constitutively expressed to cope with AOS formed under normal conditions. 
However, they can also be induced to maintain the lowest possible levels of AOS under both biotic 
and abiotic stresses (Hernández et al. 2000, 2001b, García-Limones et al. 2002).
An increasing amount of data supports the hypothesis that a fine regulation of antioxidant 
systems is part of the signalling pathways which activate defense responses. However, the diversity 
in the systems used for studying plant-pathogen interplay makes it difficult to formulate a clear 
picture of whether, and to what extent, changes in antioxidant systems are directly involved in 
plants defense responses or are a mere consequence of the oxidative stress occurring in the attacked 
cells (de Gara et al. 2003). Several lines of evidence support the regulatory role that cellular 
antioxidants, especially GSH and GSH-related enzymes, play in the biochemical and physiological 
responses of plants to biotic stress (Gullner et al. 1999, Fodor et al. 1997). In this sense, the 
artificial elevation of cellular GSH and the activation of GSH-related enzymes can markedly 
suppress necrotic disease symptoms and in some cases also virus multiplication (Gullner et al. 
1999). In a recent paper, it has been proposed that a decline in AOS-scavenging capacity may be 
required before a rapid increase in virus replication can take place. Phaseolus vulgaris L. plants 
treated with the cytokinin dihydrozeatin, salicylic acid or jasmonic acid showed elevated catalase, 
GR and peroxidase activities. These treatments, when applied before inoculation with the 
6Potexvirus White clover mosaic virus, inhibited virus replication and symptom development 
(Clarke et al. 2002).
In woody plant species, such as apricot, different factors, including their lignified nature, the 
inoculation method, and the cycle of growth with periods of dormancy, make the study of the early 
response to virus inoculation very difficult. In this work, the effect of long-term PPV infection on 
the activity of antioxidant enzymes from apricot cvs. “Real Fino” (susceptible to PPV) and “SEO” 
(resistant to PPV) at subcellular levels (cytosol and chloroplasts) was studied. The extent of lipid 
peroxidation and protein oxidation, the histochemical detection of H2O2 and the leaf ultrastructure 
were also analysed, to determine whether oxidative stress is involved in the development of 
symptoms and the pathogenesis of PPV-susceptible apricot plants.
MATERIAL AND METHODS
Plant Material 
Plant material assayed included the North American apricot cultivar SEO, characterised as resistant to 
PPV, and the Spanish cultivar Real Fino, described as susceptible against virus (Martínez-Gómez and 
Dicenta 2000a). Apricot seedlings were grafted on peach GF305 plants, characterised by its 
susceptibility to fruit viruses including PPV (Bernhard et al. 1969) and usually used as a rootstock in 
PPV-resistance tests on Prunus, both in vivo (Martínez-Gómez and Dicenta 2000a) and in vitro
(Martínez-Gómez and Dicenta 2000b). Ten repetitions from each apricot cultivar were grafted onto 
control or infected GF305 rootstocks. Another ten repetitions were kept as control. Two months after 
inoculation, seedlings were subjected to an artificial rest period, in a cold chamber at 7 °C, in darkness 
for six weeks. Plants were then transferred to an insect-proof greenhouse, and were grown in 2-litre 
pots in controlled conditions. Plants were inspected for sharka symptoms 4 weeks after the sprouting of 
the buds. Two cycles of growth (two month in the cold chamber and four months in the greenhouse) 
per year were analysed, and at least two experiments per cycle was performed. Data were recorded 
over two years periods.The environmental conditions in the greenhouse were: temperature between 
715º and 30ºC during all the year due to the control of temperatures during the summer with a 
refrigeration systems, and relative humidity of 60-80%, with a photoperiod of around 16 hour of 
light.
PPV isolate 
The PPV isolate used was RB3.30, a Dideron Type isolate obtained from the Red Beaut plum 
cultivar in Spain, from the PPV collection of the Instituto Valenciano de Investigaciones Agrarias 
(IVIA) in Valencia (Spain). This isolate is considered to be representative of the Spanish PPV 
population and produces strong sharka symptoms in young leaves, consisting of veinal chlorosis in 
peach GF305 and veinal chlorosis and rings in susceptible apricot leaves (Pelet and Bovey 1968).
PPV inoculation procedure 
Ten apricot scions per genotype were propagated onto control (healthy) and inoculated (infected) 
symptomatic GF305 peach seedlings, one scion per seedling. Scion-grafted trees were forced into 
dormancy by subjecting them to 7 ºC and darkness for two months. After this cold-dark treatment, 
trees were transferred to an insect-proof greenhouse and were inspected for sharka symptoms four 
weeks later. Two cycles of growth were performed over a one-year period. Only plants where the 
GF305 rootstock showed clear PPV symptoms were considered to be successfully inoculated. 
During each growth cycle, the presence of symptoms in leaves was scored in each leaf of each plant 
according to a scale from 0 (no symptoms) to 5 (maximum intensity of symptoms), scale usually used 
in the studies of resistance evaluation in apricot (Martínez-Gómez and Dicenta 2000a).
ELISA-DASI test 
During the two growth cycles, to verify the presence or absence of the virus an ELISA-DASI (Double 
Antibody Sandwich Indirect) was applied to the leaves using 5B monoclonal antibodies (Asensio 
1996) against the capside protein of the PPV according with the protocol of Cambra et al. (1994). 
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Spain) 1.42 µg/ml in 1% (w/v) Bovine Serum Albumin (BSA) (Boehringer&Mannhein. Barcelona, 
Spain)-PBS (0.08% ClNa, 0.002% KH2PO4, 0.3% Na2HPO412H2O, 0.02% CLK). After washing 3 
times for 5 min with PBS-Tween-20 (0.5 ml/l Tween-20) the micro-plates were incubated in 1% (w/v) 
BSA-PBS with the specific monoclonal antibodies (0.1 µg/ml) (Real-Durviz) at 37 °C for 2h. After 
washing 3 times with PBS-Tween-20 samples were incubated in 1% (w/v) BSA-PBS with alkaline 
phosphatase-labeled second antibody (0.1 µg/ml) (Real-Durviz) at 37 °C for 2h. Then, micro-plates 
were washed again three times (PBS-Tween-20) and were reveled with p-nitrofenolphosphate 
colorimetric substrate (Sigma), recording the optical densities (OD) at 405 nm for 60 min. In 
accordance with Sutula et al. (1986), samples with OD double that of the healthy control were 
considered ELISA-positive.
RT-PCR analysis 
RT-PCR analysis was carried out during the two cycles of study using total RNA extracted with the 
Rneasy Plant Mini Kit (Qiagen, Hilden, Germany), as described by MacKenzie et al. (1997). Two 
specific primers within the coat protein (CP) gene, VP337 (CTCTGTGTCCTCTTCTTGTG) 
complementary to 9487-9508 positions of genomic PPV and VP338 
(CAATAAAGCCATTGTTGGATC) homologous to 9194-9216 positions, were assayed (Martínez-
Gómez et al. 2003). PCR parameters were: one cycle at 94ºC for 2 min followed by 30 cycles of 
94ºC for 30 sec, 55ºC for 30 sec and 72ºC for 30 sec, and finally an extension temperature of 72ºC 
for 5 min (Martínez-Gómez et al. 2003). Amplified products were electrophoresed in 1% agarose 
gels in 40 mM Tris-acetate and 1 mM EDTA, pH 8.0 (TAE), and stained with ethidium bromide. A 
1 Kb Plus DNA Ladder (InvitrogenTM Life Technologies) was used as molecular size standard.
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Ten control and ten PPV-infected peach plants were analysed in each cycle. Modulated chlorophyll 
fluorescence was measured in dark-adapted peach leaves at midday, using an OS-30 chlorophyll 
fluorometer (Optisciences, USA) with an excitation source intensity of 2000 µmol m-2 s-1. The 
quantum yield of photosystem II photochemistry (PSII) was calculated empirically as the 
fluorescence parameter (Fm’ – Ft)/Fm’ (Genty et al. 1989), and the maximum quantum yield of 
photosystem II (Fv/Fm) as (Fm – Fo)/Fm (Maxwell and Johnson 2000). Non-photochemical 
quenching (NPQ) was calculated as a Stern-Vollmer-type quenching (Bilger and Björkman 1990). 
The photochemical quenching coefficient, equivalent to the fraction of open PSII reaction centres, 
was calculated as qp= (F’m-Ft)/(F’m-F’o) (Maxwell and Johnson 2000).
The efficiency of excitation energy capture by PSII, corresponding to the probability that an 
absorbed photon reaches the PSII reaction centres, was calculated in light-adapted leaves as 
F’v/F’m= (F’m-F’o)/F’m.
The minimal “dark” fluorescence level following illumination (Fo’) was measured in the presence of 
a background far-red light, to favour rapid oxidation of intersystem electron carriers.
Isolation of cell fractions
For the isolation of cell fractions four weeks-old plants were used. All operations were carried out 
at 0-4 ºC. Soluble fractions were prepared by homogenising 3 g of fresh leaf material with a mortar and 
pestle, with 6 ml of a grinding medium containing 0.35 M mannitol, 30 mM MOPS buffer (pH 7.5), 4 
mM L-cysteine, 1 mM EDTA, 5% insoluble PVPP (w/v) and 0.2% (w/v) BSA. For APX activity, 20 
mM ascorbate was added. The homogenate was filtered through 2 layers of cheesecloth and 
centrifuged at 2200 g for 30 s, to pellet the chloroplast fraction. The supernatant was centrifuged at 
12000 g, to discard mitochondria and peroxisomes. Then, the 12000 g supernatant was centrifuged for 
20 min at 82000 g. The resulting supernatant obtained was partially purified, in Sephadex G-25 NAP 
columns (Amersham Pharmacia Biotech AB, Uppsala, Sweden) equilibrated with the same buffer 
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(with or without 2 mM ascorbate) used for homogenisation, and was considered as the soluble fraction 
for use in different assays (Hernández et al. 2004b).
Chloroplasts were prepared by homogenising 5 g, of fresh leaf material, with a mortar and pestle, with 
15 ml of a grinding medium containing 0.35 M mannitol, 30 mM MOPS buffer (pH 7.5), 4 mM L-
cysteine, 1 mM EDTA, 5% soluble PVP (w/v) and 0.2% (w/v) BSA (Hernández et al. 2004b). For 
APX activity, 20 mM ascorbate was added. The homogenate was filtered through 2 layers of 
cheesecloth and centrifuged at 2200 g for 30 s; the resulting pellet was suspended in 0.3 M mannitol, 
20 mM MOPS buffer (pH 7.0), 1 mM EDTA and 0.2% BSA (washing medium), with or without 2 
mM ascorbate. The suspension was centrifuged at 2200 g for 30 s, and the pellet obtained was 
resuspended in 6 ml of the same washing medium. Resuspension medium containing 40% (v/v) Percoll 
(Amersham Pharmacia Biotech) was layered under the chloroplasts suspension by slowly pipetting 5 
ml into the bottom of the tube (Hernández et al. 2004b). Tubes were centrifuged at 1700 g for 1 min. 
The pellet of intact chloroplasts was resuspended in 1 ml of washing medium, without BSA, and used 
for enzyme assays.
Assays
Catalase and the ASC-GSH cycle enzymes were measured as described in Hernandez et al.
(1999, 2001a, 2001b). Total peroxidase was analysed according to Pomar et al. (2004). SOD
activity was assayed by the ferricytochrome c method using xanthine/xanthine oxidase as the source 
of O2.- radicals (McCord and Fridovich 1969). The extent of lipid peroxidation in leaves was 
estimated by determining the concentration of substances reacting with thiobarbituric acid 
(TBARS) (Cakmak and Horst 1991). Protein carbonyl content (CO-proteins) was measured by 
reaction with 2,4-dinitrophenylhydrazine, as described by Levine et al. (1990). 
Histochemical detection of H2O2 in peach leaves
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The histochemical detection of H2O2 in apricot leaves was performed by using an endogenous, 
peroxidase-dependent in situ histochemical staining, in which whole leaves were vacuum-infiltrated 
with 0.1 mg mL-1 3,3’-diaminobenzidine in 50 mM Tris-acetate buffer (pH 5.0) and incubated at 25 ºC, 
in the dark, for 24 h. Controls were performed in the presence of 10 mM ascorbic acid. Leaves were 
rinsed in 80 % (v/v) ethanol for 10 min at 70ºC, mounted in lactic acid:phenol:water (1:1:1, v/v/v) and 
photographed directly using an Olympus SZX 12 microscope (Hernández et al. 2001b).
Transmission electron microscopy
For conventional microscopy, samples were fixed for 2.5 h at 4C in a 0.1 M Na-phosphate-
buffered (pH=7.2) mixture of 2.5% glutaraldehyde and 4% paraformaldehyde (Morales et al. 2001). 
Tissue was postfixed with 1% osmium tetroxide for 2h. The samples were then dehydrated in a 
graded alcohol series and embedded in Spurr´s resin. Blocks were sectioned on a Reichert 
ultramicrotome. Thin sections for transmission electron microscopy were picked up on copper grids 
and stained with uranyl acetate followed by lead citrate. The ultrastructure of the tissue was 
observed with a Philip Tecnai electron microscope.
RESULTS
Table 1 shows the results obtained in the evaluation of apricot cultivars in the two cycles of study. 
Young leaves of cultivars SEO and Real Fino did not show either symptoms or positive ELISA or 
RT-PCR in the case of scions grafted onto control (healthy) GF305 peach rootstocks during the two 
cycles of study. In addition, young leaves of SEO did not show either symptoms or positive ELISA 
or RT-PCR in the case of plants grafted onto inoculated GF305 peach rootstocks. These results 
confirmed the resistance of this cultivar. On the other hand, the Spanish cultivar Real Fino appeared 
very susceptible to the PPV isolate used. After two cycles of study, all the inoculated plants (grafted 
onto inoculated GF305 peach rootstocks) showed leaf sharka symptoms and were ELISA and RT-
PCR positive. The mean intensity of PPV symptoms of all the infected repetitions was around 2.8, 
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confirming the high susceptibility described in this cultivar. In addition, PPV presence was confirmed 
by an ELISA-DASI test (presence of PPV coat protein), with a mean optical density (OD) of 
ELISA of 1.85, and RT-PCR analysis (presence of PPV nucleic acid) (Fig. 1).
In PPV-inoculated apricot plants no changes in the PSII efficiency (Fv/Fm) were observed 
(Table 2). However, a decrease in the quantum yield of PSII electron transport (PSII) and in the 
efficiency of excitation energy capture by PSII (F’v/F’m) was produced only in the inoculated 
susceptible cultivar (Table 2). The decreases in these parameters could have been caused by a loss 
of photochemical quenching (Qp) or by an increase in the non-photochemical quenching (NPQ) 
(Foyer & Harbison, 1994). In this case, the decreases in PSII and F’v/F’m was caused by a reduction 
in Qp, whereas no significant changes were observed in the NPQ, neither in the susceptible nor in 
the resistant cultivars (Table 2).
In apricot plants, p-hydroxy mercury benzoic acid (pHMB)-insensitive APX activity (class 
III peroxidase) was detected in both cell fractions (soluble fraction and chloroplasts). Long-term 
infection by PPV provoked changes in the antioxidant enzymes in both the soluble and chloroplastic 
fractions from apricot leaves. In the soluble fractions from the susceptible cultivar, pHMB-sensitive 
APX decreased by nearly 30%, whereas pHMB-insensitive APX did not show significant changes 
(Table 3) However, in the resistant cultivar, pHMB-insensitive APX increased as a result of PPV 
inoculation (Table 3). PPV infection produced a drop in the DHAR and peroxidase activities in the 
soluble fractions from susceptible plants, whereas no significant changes were observed in the 
resistant plants (Table 3). However, only in the resistant apricot cultivar were the MDHAR, GR and 
SOD activities increased, whereas catalase activity showed a significant decrease in the soluble 
fractions from both cultivars (Table 3).
Apart from the soluble fractions, long-term PPV infection also produced an alteration in the 
levels of antioxidant enzymes in chloroplasts from apricot plants. In chloroplasts from susceptible 
plants, PPV inoculation produced decreases in the ASC-GSH enzymes (Table 4). These decreases 
were up to 50% for MDHAR and GR, 40% for DHAR and 30% for pHMB-sensitive APX. In 
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addition to the soluble fractions, pHMB-insensitive APX was also detected in chloroplasts from 
apricot plants, and PPV inoculation produced a drop in this activity only in chloroplasts from the 
resistant plants (Table 4). Regarding SOD activity, PPV inoculation produced an increase of about 
20% in both apricot cultivars, although these changes were not significant (Table 4).
As a consequence of long-term PPV infection, an oxidative stress was produced only in the 
susceptible cultivar, as observed by the increase in the leaf lipid peroxidation (50%) and leaf protein 
oxidation (150%) (Fig 2a, 2b). However, no significant changes due to PPV inoculation were 
observed in the leaves from the resistant apricot cultivar.
In long-term PPV-infected leaves from susceptible plants, after the staining with DAB 
reagent to locate H2O2 production, a red-brown staining in mesophyll cells near the minor veins was 
observed (Fig 3b). This staining seemed to be due to H2O2, since it was totally suppressed by 10 
mM ascorbic acid, and no staining was observed in control plants or in asymptomatic leaves of 
infected plants (Fig 3a; 3c). However, no DAB staining was observed in leaves from control or 
inoculated resistant plants (Fig 3d, 3e).
Control plants showed a well-developed ultrastructure, mitochondria, endoplasmic 
reticulum, golgi and nucleus. In chloroplasts from the susceptible apricot cultivar, no starch grains 
were observed (Fig 4a, b, c, d) in contrast to those observed in the resistant plants (Fig 4e, f, g, h). 
PPV infection produced mainly an alteration in chloroplast ultrastructure, and only in susceptible 
plants, giving rise to dilated thylakoid membranes (Fig 4d), but other organelles were unaffected. 
However, in the PPV-resistant cultivar, no effects were observed in infected plants (Fig 4g,h), in 
relation to control plants (Fig 4e, f). 
Discussion
The observed results regarding the PPV-resistance of the apricot cultivar SEO and the PPV-
susceptibility of Real Fino, as shown by the strong chlorosis symptoms observed after 4 weeks of 
infection, agree with previous data from different authors (Martínez-Gómez and Dicenta 2000a, 
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2000b, Martínez-Gómez et al. 2000). In addition, the ELISA OD values in the case of inoculated 
Real Fino were high in comparison with those observed in other apricot cultivars (Cambra et al.
1994), confirming its susceptibility.
Different studies have revealed that plant viruses produce alterations in the photosynthetic 
parameters of their host, essentially at the PSII level (Van Kooten et al. 1990, Rahoutei et al. 2000). 
PPV produced a decrease in F’v/F’m and PSII in leaves from the susceptible cultivar. In the apricot 
cultivar Real Fino, the decrease in F’v/F’m and/or PSII seems to have been due to a loss in Qp. It has 
been described that a decrease of Qp is accompanied by an increase in the lifetime of the exciton in 
PSII and that this will increase the probability of chlorophyll triplet formation and the associated 
formation of 1O2 (Foyer and Harbison 1994). Decreases in Qp and F’v/F’m have been described also 
in tobacco plants infected with TMV, PMMoV (pepper mild mottle virus) or PaMMoV (paprika 
mild mottle virus) (Van Kooten et al. 1990, Rahoutei et al. 2000). In PPV-infected susceptible 
apricot plants, a decrease in Qp was observed, suggesting that under these conditions the production 
of AOS, such as 1O2, could be enhanced (Foyer and Harbison 1994). However, in PPV-infected 
peach plants, a decrease in the efficiency of excitation energy capture by PSII (F’v/F’m) was 
observed, that was accompanied by a drop in NPQ (Hernández et al. 2004b); this could reflect a 
diminished capacity for the safe dissipation of excess light energy and, therefore, does not avoid the 
production of harmful species, such as 1O2 (Fryer et al. 2002).
In incompatible reactions of plants to viruses, AOS generation may play an important role in 
the virus resistance. In the short-term, in infected cells, a rapid accumulation of AOS (especially 
H2O2) has been described (Mehdy 1994). The increase in H2O2 levels may cause pathogen 
destruction and could be involved as a second messenger in the systemic signal network of plant 
cells (Alvarez et al. 1998, Levine et al. 1994). However, in the present work, different factors, 
including the use of woody plants, the mode of inoculation (a piece of bark from diseased GF305 
peach plants showing strong sharka symptoms) and the time which passed between the subjection 
of the plants to the artificial dormancy and the growth of the first expanding leaves, made it difficult 
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to study the short-term responses to PPV infection, and results were obtained for long-term PPV 
infection.
As described above, in incompatible plant-virus interaction, AOS generation seems to play 
an important role in virus resistance. However, in compatible plant-virus interaction, little is know 
about the involvement of AOS in symptom development and pathogenesis or about the effect of 
viral infection on the response of antioxidant enzymes. Regarding antioxidant metabolism, in 
compatible plant-virus interaction, contradictory results were reported with both induction and 
reduction of antioxidant enzymes being described (Riedle-Bauer 2000, Hernández et al. 2001a, 
2004b, Clarke et al. 2002, Li and Burrit 2003). The lack of clear trends is probably due to a 
combination of variables, including metabolic differences between the plant species studied and 
differences in the viral infection processes, the rates of viral movement and/or replication, the 
conditions in which the plants were grown and the time of sampling (Li and Burrit 2003).
Most studies on the effect of biotic stress on the activity of antioxidant enzymes have been 
conducted with herbaceous plants, and studies with woody plants are less common. Moreover, 
information about the effect of PPV infection on the antioxidant systems from apricot plants is very 
scarce, being non-existent at subcellular levels.
In apricot plants, p-hydroxy mercury benzoic acid (pHMB)-insensitive APX activity (class 
III peroxidase) was detected in both cell fractions (soluble fraction and chloroplasts). These 
peroxidases were first described in tea leaves; they exhibited high specific APX activity and 
oxidised ASC and organic phenols at comparable rates (Kvaratskhelia et al. 1997). Specific 
inhibitors of APX, such as p-chloro-mercury benzoate, hydroxy urea, p-aminophenol or p-hydroxy-
mercury benzoate (pHMB), have only a slight effect on the ASC-dependent peroxidase activity of 
this type of peroxidase. In tea leaves, two ascorbate-dependent peroxidases have been described: 
TcAPX I and TcAPX II. TcAPX I appears to be an extracellular enzyme exported via the ER, while 
TcAPX II is a thylakoid membrane-bound enzyme (Kvaratskhelia et al. 1999). The developmental 
regulation of the activity/expression of Class I APXs and Class III POXs seems to be different (de 
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Pinto and de Gara 2004). Class I APXs are generally associated with meristematic and actively 
growing tissues, whereas pHMB-insensitive APXs, that should be renamed as Class III APXs to 
avoid confusion (Ros Barceló et al. 2005), are generally expressed in non-growing tissues where the 
cell wall stiffening process is emerging (de Pinto and de Gara 2004; Ros Barceló et al. 2005). Both 
Class III APXs and ascorbate oxidase activities can also acts as ASC removal system in the 
apoplastic space. It must be menctioned that ASC itself negatively affect the peroxidase reaction, 
which is important for wall stiffening and, in general, for wall differentiation (de Pinto and de Gara 
2004; Ros Barceló et al., 2005).
In soluble fractions from inoculated Real Fino plants, significant declines in pHMB-
sensitive APX, DHAR, catalase and peroxidase took place. However, in resistant plants, increases 
in pHMB-insensitive APX, MDHAR, GR and SOD occurred. These data indicate that the cytosol 
from PPV-resistant apricot plants had a higher capacity to eliminate O2.- and H2O2 and to regenerate 
ASC and GSH than that of the PPV-susceptible plants.
Peroxidases were reported to be involved in resistance of Capsicum annuum to CMV 
(cucumber mosaic virus) (Candela et al. 1994). However, in the CMV-tolerant pepper cultivar 
Gemini F7, tolerance is likely not due to enhanced peroxidase levels (Riedle-Bauer 1998). In the 
compatible interactions Cucumis sativus-CMV and Cucurbita pepo-ZYMV (Zucchini yellow 
mosaic virus), an important increase in peroxidase activity was produced and all peroxidase 
isoforms detected not only functioned as radical scavengers but also catalysed the formation of 
H2O2 (Riedle-Bauer 2000). This author suggested that an enhancement of peroxidase activity 
contributed to the oxidative stress in systemic plant-virus interactions. However, this capability of 
changing the catalytic POX activity is probably a characteristic of specific isoenzymes; whereas, 
many other class III isoperoxidases play different role in the plant pathogen interaction (from 
increasing cell wall stiffening to be involved in the secondary metabolite biosynthesis. These results 
contrast with our data, where the susceptibility to PPV infection correlates with the decrease in 
peroxidase activity, that could reflect a disturbance in the cell wall stiffening processes. 
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Catalase activity decreased similarly in soluble fractions from both apricot cultivars. This 
observed drop in catalase activity has been described previously in crude extracts from PPV-
infected apricot plants (Hernández et al. 2001a) and a similar decrease has been described in TMV-
infected Nicotiana glutinosa L. plants as well as in Phaseolus vulgaris plants after 5 d of WClMV 
infection (Yi et al. 1999, Clarke et al. 2002). In higher plants, catalase is localised mainly in 
peroxisomes (del Río et al. 1998). The decrease in catalase observed in both apricot cultivars could 
contribute to an increase in peroxisomal H2O2, that could also diffuse through the peroxisomal 
membrane into the cytosol (del Río et al. 1998), and the transient accumulation of H2O2 in apricot 
leaves could increase the risk of oxidative damage. However, and as mentioned above, the cytosol 
from inoculated PPV-resistant plants seems to have a higher capacity to eliminate AOS than that of 
the inoculated PPV-susceptible plants, allowing them to cope with this possible H2O2-induced 
oxidative stress produced in PPV-infected plants.
In chloroplasts from apricot plants infected by PPV, a differential behaviour was observed, 
and only in the susceptible plants did a decrease in the ASC-GSH cycle enzymes occur. Taking into 
account that the ASC-GSH cycle is the more important mechanism with respect to elimination of 
H2O2 and recycling of ASC and GSH in plants (Asada 1994), and although we have not performed 
ASC or GSH analysis, these data suggest that chloroplasts from the susceptible cultivar could have 
a lower capacity to scavenge H2O2 and regenerate ASC and GSH than the chloroplasts from the 
PPV-resistant cultivar. Several authors have observed a correlation between GSH accumulation and 
the resistance to virus infection (Fodor et al. 1997, Gullner et al. 1999). Exposure of tobacco leaf 
discs to the cysteine precursor L-2-oxo-4-thiazolidine-carboxylic acid led to a massive 
accumulation of GSH as well as reduced TMV coat protein contents and suppression of disease 
symptoms in TMV-inoculated tobacco plants (Gullner et al. 1999). In a previous work, and using 
crude extracts from two apricot cultivars, foliar DHAR activity increased in response to PPV 
infection, but the rise was much higher in the resistant plants (300%) (cv Goldrich) than in the 
susceptible ones (only 37%) (cv. Real Fino), suggesting that the inoculated resistant cultivar had a 
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higher capacity for regeneration of ASC than the inoculated susceptible plants (Hernández et al. 
2001a). This higher DHAR induction in the PPV-resistant cultivar could contribute to an increased 
antioxidant capacity, which could be related, among other factors, to its resistance to PPV. 
However, these results differed from those described in the present work, where no changes was 
observed in DHAR activity in soluble fractions and chloroplasts from the resistant cultivar, whereas 
a decrease was observed in both cell fractions from the susceptible cultivar.These differences could 
be due that in the first case, authors used crude extracts from apricot leaves (Hernández et al. 
2001a), whereas in this case we used purified cell fractions. These results agree with those recently 
described for infected peach plants, susceptible to PPV, where a decrease in chloroplastic GR and 
MDHAR took place (Hernández et al. 2004b). 
The decrease in the antioxidant enzyme levels observed in the cytosolic and chloroplastic 
fractions from PPV-infected susceptible plants produced an oxidative stress, as shown by the 
increase in the levels of lipid peroxidation and protein oxidation. Lipid peroxidation and protein 
oxidation are the symptoms most easily ascribed to oxidative damage and they are often used as 
indicators of oxidative damage (Hernández et al. 2001b, 2004a, 2004b). This PPV-induced 
oxidative stress was also manifested as an accumulation of H2O2 in leaves. H2O2 accumulation 
occurred  only in PPV-infected symptomatic leaves from susceptible plants, but not in 
asymptomatic leaves. However, in the resistant cultivar, no oxidative stress was produced, as shown 
by the unchanged levels of lipid peroxidation and protein oxidation as well as by the absence of 
H2O2 accumulation in leaves. In the inoculated susceptible apricot cultivar, the presence of some 
microbursts of H2O2 correlated with the decrease in H2O2-scavenging enzymes (APX, catalase and 
peroxidase). PPV infection produced intervenal chlorosis symptoms that could have been induced 
by an increased AOS generation, as shown in pea plants subjected to NaCl stress (Hernández et al. 
2001b). As described above, the fall in Qp is associated with the AOS formation in chloroplasts 
(Foyer and Harbison 1994). This, linked to the decrease in the levels of antioxidant enzymes in the 
chloroplasts from PPV-infected susceptible plants, could be responsible for the chlorosis symptoms 
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observed. So, the chlorosis symptoms could be ascribed both to the higher AOS generation and to a 
lower capacity for scavenging of AOS, as described previously for peach plants (Hernández et al. 
2004b).
PPV infection produced some ultrastructural alterations in the susceptible apricot cultivar. 
The presence of dilated thylakoids seems to be a general stress response, because they have been 
described previously, both under biotic and abiotic stress (Russo and Martelli 1982, Hernández et 
al. 1995). PPV infection also produced ultrastructural alterations in peach cv. GF305: the presence 
of dilated thylakoids an increase in the number and size of plastoglobuli and a decrease in the 
amount of starch granules (Hernández et al. 2004b). However, the percentage of chloroplasts 
showing dilated thylakoids in susceptible apricot plants was lower than that observed in PPV-
infected peach plants. These differences could be due to the fact that peach plants are more 
susceptible to PPV infection and showed more chlorosis symptoms than this apricot cultivar. 
Resistance to PPV could be associated with a HR at the graft site in SEO cultivar. However, 
no HR was observed at the graft site nor in the leaves. On the other hand, the effects on antioxidant 
systems from SEO plants could be due to a systemic acquired resistance induced by PPV 
penetration in stem tissue at the graft site. However, the oxidative stress observed in susceptible 
plants can merely be a consequence of virus infection. This would explain why no oxidative stress 
is observed in the resistant cultivar, since no viral particles was detected (see Table 1). 
It has been proposed that a decline in free radical scavenging capacity may be required 
before a rapid increase in virus replication can take place, and treatments increasing the ability of 
plants to scavenge AOS may hinder virus replication (Clarke et al. 2002). If the same situation 
occurs in PPV-infected susceptible apricots, the oxidative stress, accompanied by a decrease in 
soluble and chloroplastic antioxidant enzymes, could be related to the progress of PPV infection. 
The higher antioxidant capacity observed in PPV-inoculated resistant plants, in relation to the PPV-
inoculated susceptible plants, could be important in hindering virus replication, in agreement with 
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results reported for WClMV-infected Phaseolus vulgaris plants (Clarke et al. 2002). In this sense, 
the higher antioxidant capacity showed by SEO plants in relation to PPV-susceptible plants, could 
be associated, among other factors, to their resistance to PPV.
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Table 1.- Plum pox virus detection in leaves of Real Fino and SEO apricot cultivars grafted onto 
control and inoculated GF305 rootstocks during the two cycles of study. 
Cycle 1 Cycle 2
Symptomsa ELISAb RT-PCRc Symptomsa ELISAb RT-PCRc
Real Fino
   Control 0 (0.0) 0 (0.10) 0 0 (0.0) 0 (0.07) 0
   PPV-Inoculated 8 (2.3) 8 (1.64) 8 10 (2.8) 10 (1.85) 10
SEO
   Control 0 (0.0) 0 (0.06) 0 0 (0.0) 0 (0.06) 0
   PPV-Inoculated 0 (0.0) 0 (0.08) 0 0 (0.0) 0 (0.07) 0
a Number of plants with symptoms and mean intensity (between parenthesis) scored on a scale from
0 (no symptoms) to 5 (maximum intensity).
b Number of plants ELISA positive and optical density (between parenthesis) at 405 nm after 60 
min.
c Number of plants RT-PCR positive.
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Table 2.- Fluorescence parameters measured in control and long-term PPV-infected apricot leaves. 
Data represent means ± SE from at least ten repetitions. Differences from control values are 
significant at P<0.05 (a), according to Duncan’s multiple range test.
Fluorescence parameters
Fv/Fm F’v/F’m PSII qp NPQ
Real Fino
Control 0.804±0.022 0.660±0.024 0.066±0.003 0.100±0.008 0.232±0.007
PPV-inoculated 0.782±0.018 0.562±0.040a 0.046±0.002a 0.082±0.002a 0.282±0.024
SEO
    Control 0.757±0.020 0.788±0.026 0.069±0.003 0.088±0.004 0.407±0.038
PPV-inoculated 0.733±0.023 0.787±0.016 0.085±0.010 0.108±0.014 0.352±0.040
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Table 3.- Effects of long-term PPV infection on antioxidant enzymes in soluble fractions from apricot leaves.
Real Fino (PPV-susceptible) SEO (PPV-resistant)
Enzymatic activity Control PPV-infected Control PPV-infected
pHMB-sensitive ascorbate peroxidase
nmol oxidised asc min-1 mg-1 protein
54.50 ± 8.20 37.21±2.70a 36.21±3.7 37.43±4.2
pHMB-insensitive ascorbate peroxidase
nmol oxidised asc min-1 mg-1 protein
79.92±4.52 73.66±18.30 41.18±2.25 71.11±6.58b
Monodehydro ascorbate reductase (MDHAR)
nmol oxidised NADH min-1 mg-1 protein
61.08±11.53 49.54±6.51 35.84±4.09 60.66±8.36a
Dehydroascorbate reductase (DHAR)
nmol reduced asc min-1 mg-1 protein
85.95±4.91 69.24±3.80a 27.70±2.32 32.50±5.34
Glutathione reductase (GR)
nmol oxidised NADPH min-1 mg-1 protein
38.40±5.98 34.60±1.30 33.10±1.90 52.00±3.67b
Superoxide dismutase (SOD)
U mg-1 protein
42.05±9.55 48.20±12.04 49.53±3.91 70.15±10.83b
Catalase
µmol reduced H2O2 min-1 mg-1 protein
2.26±0.54 1.25±0.26a 2.51±0.33 1.34±0.16a
Peroxidase
µmol oxidised 4-MN min-1 mg-1 protein
273.50±18.73 164.53±9.61b 235.52±20.50 266.40±6.84
Data represent the means ± SE from at least three repetitions. Differences from control values are significant at P<0.05 (a) or  P<0.01 (b), according to 
Duncan’s multiple range test.
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Table 4.- Effects of long-term PPV infection on antioxidant enzymes in chloroplast suspensions from apricot leaves.
Real Fino (PPV-susceptible) SEO (PPV-resistant)
Enzymatic activity Control PPV-infected Control PPV-infected 
pHMB-sensitive ascorbate peroxidase
nmol oxidised asc min-1 mg-1 protein
78.60±12.97 55.47±5.98a 41.99±5.53 40.88±11.46
pHMB-insensitive ascorbate peroxidase
nmol oxidised asc min-1 mg-1 protein
89.46±14.90 95.73±25.50 91.83±7.79 63.40±5.78a
Monodehydro ascorbate reductase (MDHAR)
nmol oxidised NADH min-1 mg-1 protein
56.51±9.77 28.15±4.27a 43.20±7.40 49.31±10.21
Dehydroascorbate reductase (DHAR)
nmol reduced asc min-1 mg-1 protein
31.29±4.82 18.99±4.33a 24.54±2.98 26.61±2.03
Glutathione reductase (GR)
nmol oxidised NADPH min-1 mg-1 protein
24.04±2.15 14.44±4.51a 13.06±3.20 12.04±1.45
Superoxide dismutase (SOD)
U mg-1 protein
17.63±2.75 21.06±3.59 14.76±1.43 17.63±3.89




Fig. 1.- Amplification products (313 bp) indicative of the presence of PPV, obtained using RT-PCR 
for PPV detection in different samples. Lane 1: Real Fino cultivar grafted onto control GF305 
seedling, Lane 2: Real Fino cultivar grafted onto GF305 seedling inoculated by PPV and showing 
strong sharka symptoms, Lane 3: Start Early Orange cultivar grafted onto control GF305 seedling, 
Lane 4: Start Early Orange cultivar grafted onto GF305 seedling inoculated by PPV and showing 
strong sharka symptoms.  M: Molecular size standard 1 Kb Plus DNA Ladder.
Fig 2.- Effect of long-term PPV infection on lipid peroxidation (given as TBARS) and protein 
oxidation in apricot leaves. Data represent the means ± standard errors of at least three replicates. 
Differences from control values are significant at P<0.05 (a) or P<0.01 (b), according to Duncan’s 
multiple range test. RFc, susceptible control plants; RFi, susceptible PPV-inoculated plants; SEOc, 
resistant control plants; SEOi, resistant PPV-inoculated plants.
Fig 3.- Detection of H2O2 generation in leaves from DAB-stained apricot plants. A) susceptible 
control plants; B) susceptible PPV-inoculated plants; C) asymptomatic susceptible PPV-inoculated 
plants; D) resistant control plants; E) resistant PPV-inoculated plants. Bars = 500 µm. 
Fig 4.- Electron micrographs from apricot leaves. a) Palisade mesophyll cells from control 
susceptible plants. b) Susceptible control plant. Detail of a chloroplast of a palisade mesophyll cell. 
c) Palisade mesophyll cells from susceptible PPV-infected plants. d) Detail of a chloroplast of a 
palisade mesophyll cell from PPV-infected susceptible plants showing dilated thylakoids. e) 
Palisade mesophyll cells from control PPV-resistant plants. f). Resistant control plant. Detail of a 
chloroplast of a palisade mesophyll cell., g) Palisade mesophyll cells from resistant PPV-infected 
plants. h) Inoculated control plant. Detail of a chloroplast of a palisade mesophyll cell. Chl, 
chloroplast; N, Nucleous, S, strach granules; V, vacuole.
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